Summary: Studies were made on the relationships be tween the rate of glucose metabolism, the transport of glucose between plasma and brain, cerebral blood flow, and blood content. Conscious control rats were compared with rats with intense tremors induced with cismethrin. The influence of plasma glucose concentration was studied by fasting some animals overnight prior to the induction of tremors. Mean plasma glucose was 8. 83 mM in con trols, 12.57 mM in fed rats with tremors, and 4.94 mM in rats fasted overnight prior to induction of tremors. Of 12 brain regions studied, nine showed an increased rate of glucose utilization in both fed and fasted trembling rats. Cerebellum had the highest percentage increase (200%). Rates of unidirectional glucose influx in fed trembling rats were significantly greater than those in controls in eight regions. In fasted animals, rates were the same as in con trols, except in cerebellum, where it was 1.6 times higher. These high rates of glucose influx at low plasma glucose concentrations were indicative of a change in kinetic pa rameters of glucose transport. Unidirectional glucose in flux rates were transformed to estimates of maximal transport rates (T max) , based on the Michaelis-Menten equation. Av erage plasma glucose concentrations in re-
In an earlier study, the rates of unidirectional glu cose influx and glucose phosphorylation were de termined simultaneously in several brain regions of rats with chemically induced motor disturbances . Not only was a tight coupling maintained between the two parameters, but there was evidence of an increased capacity for glucose transport across the capillary endothelium. The purpose of the present work was to investigate this change further, particularly in relation to cerebral blood flow (CBF). Preliminary data indicated that gional capillaries (c) were calculated and shown to be maintained at values close to arterial plasma glucose con centrations (Ca), in all brain regions of each group. In trembling rats, Tmax for each brain region was higher than that in controls. In fasted rats with tremors, T max was higher in several brain regions than in fed rats. T max in cerebellum was 3. 37, 4.71, and 7.89 /-Lmol g-I min-I in control, fed trembling, and fasted trembling rats, respec tively. Blood flow increased significantly in all regions in rats with tremors and was higher in fasted than in fed animals. There was only a weak correlation between blood flow and T max' Blood content of several regions increased in rats with tremors, and there was a strong correlation between Tmax and tissue blood volume. Results are con sistent with localized regulatory links between blood flow, capillary surface area, and glucose transport in response to metabolic demand and hypoglycaemia. These involve changes in the linear velocity of blood through capillaries and in the extent of capillary recruitment. Key Words: Capillary recruitment-Glucose transport-Glucose uti lization-Hypoglycaemia-Regional cerebral blood flow Regional cerebral blood volume.
CBF had increased in the treated animals .
An increase in the linear velocity of blood flow, with no change in the capillary surface area, would be expected to bring about only a small increase in the rate of glucose transport at a given arterial con centration of glucose (Ca) , since normally the ex traction of glucose is low and is not flow limited (Lund-Andersen, 1979) . If, however, an increase in blood flow is accompanied by an increase in capil lary surface area, then for the same Ca, the rate of unidirectional glucose influx would increase pro portionately.
Recently, Phelps et at. (1981) have discussed the relationship between CBF and capillary perme ability surface area (PS) product, using data ob tained for the extraction of 13N-labelled ammonia.
With the Renkin/Crone model, estimates of P 5 for ammonia were found to increase with CBF. To ac commodate these findings, together with the non linear relationship between net extraction of am monia and CBF, the authors tested various exten sions of the Renkin/Crone model and introduced the concept and model of "saturable recruitment. " The model, which gave the best fit to their data, dictates that at very low rates of CBF few capillaries are open. Increases in CBF occur by increases in blood velocity through open capillaries and recruitment of additional capillaries. When all capillaries are re cruited, further increases in CBF occur only by in creased blood velocity. In this model, the estimated increase in P5 is due to an increase in surface area (5) from capillary recruitment.
Glucose, unlike ammonia, is transported into brain by a carrier-mediated transport process. The prop erties of the process show saturation kinetics at high concentrations of glucose and may be described in terms of the kinetic parameters of the Michaelis Menten equation. The use of the term P 5 to de scribe the transport capacity of glucose across the blood-brain barrier (BBB) is inappropriate, since the P5 product would be a function of glucose con centration. A more appropriate measure for a car rier-mediated process is the theoretical T max (equiv alent to V max of the Michaelis-Menten equation when applied to an enzyme).
Interpretation of the saturable recruitment model of Phelps et ai. (1981) in terms of a carrier-mediated transport process, such as that for glucose, would imply that T m ax increases with capillary recruit ment. This would be in accordance with earlier sug gestions (Lund-Andersen 1979; Crone 1980; Gjedde and Rasmussen 1980; Cremer et aI. , 1981) , but ev idence for capillary recruitment in brain is still rather meager.
The aims of the present study were to obtain es timates of T max for glucose transport in various sit uations and more information on how glucose transport, glucose phosphorylation, and CBF are inter related. Parameters measured were unidirectional glucose influx, glucose phosphorylation, CBF, tissue haematocrit, and tissue blood volume in different regions of rat brain. Values in normal conscious an imals were compared to those in rats with intense body tremors and hyperexcitability induced by the pyrethroid cismethrin (Cremer and Seville, 1982; Ray, 1982) . To enable the cerebral response to low plasma glucose concentrations to be studied, some animals were fasted overnight.
METHODS
Male rats of LAC Porton strain between 8 and 10 weeks of age were used. Between 9:00 and 10:00 a.m. , rats were anaesthetized with ether, and a ventral tail artery and a lateral tail vein were cannulated with PE50 heparinised tubing. Animals regained consciousness and were kept a further 3-4 h under light restraint before further proce dures were carried out.
Rats were divided into three groups.
(1) Controls-rats were conscious and either fed ad libitum or fasted over night. (2) Cismethrin-induced tremors-conscious rats, fed ad libitum, were given an intravenous injection of cis methrin [5-benzyl-3 -furylmethyl-(1R)-cis-2,2-dimethyl-3-(2-methylpropenyl)cyciopropane-carboxylate], 4 mg kg -I. Tr emors were of almost immediate onset and were sustained thereafter during measurements of those pa rameters shown in Ta bles 1-4, which were commenced at 7 min following the injection of cismethrin. (3) Animals fasted overnight and with cismethrin-induced tremors rats had food withdrawn at 5:00 p.m. on the day preceding the injection of cismethrin, the dose and timing of which were the same as for rats in group 2.
Cerebral glucose transport and phosphorylation
Regional rates of unidirectional glucose influx and of glucose phosphorylation were determined as described previously (Cunningham and Cremer, 198 1) . Briefly, each rat received timed, sequential, intravenous 0.2-ml injec tions of [U-1 4C]2-deoxyglucose (10 !LCi; specific activity, 318 mCi/mmol) and [PH]2-deoxyglucose (40 !LCi; spe cific activity, 24 Ci/mmol), and was killed about 3 min after the second injection by focused microwave irradia tion to the head. Arterial blood samples were taken at intervals for radioactivity measurement and glucose assay. 
tremors
Values are given as means ± SEM, with the number of animals in parentheses; MABP, mean arterial blood pressure. Rats were in restraining holders under conditions identical to those used for measurement of the parameters given in Tables 2-4. a-c Significant difference from control: a p < 0.05; b p < 0.01; c p < 0.001. 
In Tables 2-4 , tissue glucose, unidirectional glucose influx, glucose phosphorylation, and arterial plasma glucose were measured in the same animals; cerebral blood flow was measured in a separate set of animals; cerebral blood volume and cerebral blood haematocrit were measured simultaneously in a third set of animals . Values are the means ± SEM, with the number of animals in parentheses.
For the control group (I), the mean arterial plasma glucose was 8.83 ± 0.63 mM, mean total body haematocrit was 35.3 ± 1.4 (n = 7), and the mean large-vessel haematocrit was 41.8 ± 0.5 (n = 7) .
The brain was removed, placed on an angled block, and cut into 2-mm transverse sections. Regional samples were dissected according to the method of either Albe Fessard et al. (1966) 
Cerebral blood flow and blood volume
Regional cerebral blood flow (rCBF) was measured with 4-iodo-[N-methyP4C]antipyrine, essentially as described by Ohno et al. (1979) . Rats were guillotined 25 s after the start of infusion of radioactive tracer (20 ILCi ml-1 at 1.0 ml min -I). The brain was removed, lightly blotted, and cut into 2-mm sections, which were placed in a cryostat at -12°C for dissection into regions.
Regional cerebral blood volume (rCBV), brain tissue haematocrit, and whole body haematocrit were deter mined as described by Cremer and Seville (1983) , based on the distribution of 5lCr-tagged red cells and 1 25I-la belled human serum albumin.
Calculations
The rates of unidirectional glucose influx from plasma to brain (R 1 ), of unidirectional efflux from brain to plasma (R2), and of glucose phosphorylation in brain (R 3 = RI -R2) were calculated as described in detail by Cunningham and Cremer (198 1) . Essentially, the accumulation of la belled deoxyglucose and deoxyglucose-phosphate in brain (see above) was interpreted in terms of a compartmental model relating the behaviour of deoxyglucose to glucose.
The calculation also required measurement of the con centration of glucose in the brain region and of the time course of the ratio of labelled deoxyglucose to glucose in arterial plasma. It did not involve estimates of regional blood flow.
If the estimated rates of unidirectional glucose influx (R I) are to be interpreted in terms of kinetic transport parameters for glucose, then rCBF needs to be taken into account to allow for the drop in glucose concentration along the capillary bed. In the case of a substance whose unidirectional influx is proportional to its plasma concen tration, and under experimental conditions in which there is no efflux from brain to plasma, then there is an expo nential fall in concentration between Ca (the concentra tion in arterial plasma) and Cy, (the concentration in ve nous plasma), and Crone's equation may be applied: (1) where KJ = R 1 /C a , Fp is the plasma flow rate, and PS is the permeability surface area product, i.e., the kinetic parameter of interest.
In the case of glucose transport, however, Eq. 1 is not applicable for two reasons: first, glucose is transported across the BBB via a saturable carrier mechanism, giving rise to an apparent P S product that is concentration-de pendent, and second, a distinction must be made between the net glucose influx (equal to the phosphorylation rate, R 3 ), to which the drop in glucose concentration across the capillary bed is related, and the unidirectional influx rate Rj, from which the kinetic transport parameters of interest are to be derived.
The simplest model to describe the unidirectional influx of glucose from plasma to brain is one that has two com ponents of diffusion, one saturable (i. e., facilitated) and the other nonsaturable, so that (2) where T max is the theoretical maximal rate of the saturable component, Kt is the concentration of glucose in plasma at which facilitated transport is half-maximal, Kd is a con stant of nonsaturable diffusion, and c is the average con centration of glucose in plasma flowing through brain capillaries. This equation describes the relationship be tween RJ and c for constant Tm ax , Kto and Kd. However, experimental data have shown that the quantitative re lationship between R, and c can vary between different brain regions and in different physiological states. It is assumed in the present work that this variation is attrib utable to variation in Tm ax rather than in Kt or Kd (see below). It was assumed that Kt and Kd were the same for all brain regions, and for all groups of animals, Kt was taken to be 9 mM and Kd to be 0.01 ml g-' min-' (Bach elard et aI. , 1973; Pardridge and Oldendorf, 1975; Cremer et aI. , 1979) . Thus, given R, and c, Eq. 2 allows estima tion of a parameter T max, which is a measure of transport capacity not functionally dependent on glucose concen tration and which is therefore of use in comparisons be tween regions and in different physiological states with varying plasma glucose concentrations.
To estimate c, use was made of the plasma flow (Fp = regional blood flow x regional plasma haematocrit), de rived from experimentally separate measurements in the corresponding brain regions (see above):
where
It may be noted that whereas an exponential decrease between C a and Cy is implicit in Crone's equation (Eq. 1, above), a linear decrease is assumed in the present work (Eq. 3). In practice, across the regions and states studied, there was only a small difference in the values obtained for glucose concentration between these two assump tions. Otherwise, the assumptions implicit in the above derivation of T max are analogous to the derivation of a P S product from extractions as given in Eq. 1. To take the analogy further, it may be seen that PS = Tmax + Kd as c approaches zero.
Kt
The calculation of local CBF was based on the accu mulation of 14C-Iabelled iodoantipyrine in individual brain regions, and on the time course of the label in arterial plasma during constant intravenous infusion. The latter was established from the collection of timed drops from the ventral tail artery. Delay between the artery and the timed collection was about 1. 5 s. Assuming local diffu sional equilibrium for iodoantipyrine (Sakurada et aI., 1978; Ohno et aI., 1979):
(5 ) where t is the variable time, CB (n is the tissue concen tration at time T when the tissue was sampled, and CA (t) is a function describing the time course of label in arterial blood. The tissue blood partition coefficient (A) was taken to be 0.8 (Sakurada et aI. , 1978) , and K = FIA, where F is the rate of blood flow per unit mass. In practice, CA (t) was represented as a succession of linear segments between each timed blood point, and the above integral was evaluated as a sum of integrals for each segment, given K and T. K was varied systematically by a bisection method until the right-hand expression coincided with the observed CB• A simple computer program in BASIC for the above calculation is available on request.
RESULTS
Rats were assigned to one of three groups. In group 1, animals were either fed ad libitum or fasted overnight. Since there was only a small difference between fed and fasted animals in plasma glucose and brain glucose concentrations, and no differ ences in other parameters, the animals were com bined into a single control group.
In group 2, rats fed ad libitum were given an in travenous injection of cismethrin which induced a rapid onset of persistent intense tremors throughout the body.
In group 3, rats were fasted overnight and then injected with cismethrin. All animals in groups 2 and 3 showed intense tremors for 5 min before the measurement of any parameter, and the tremors continued throughout any such measurement.
Physiological parameters typical of rats in each of the groups are shown in Ta ble 1. Blood pressure did not change significantly following cismethrin induced tremors, but heart rate increased.
Rate of glucose phosphorylation
Mean values for 12 brain regions of animals in the three treatment groups are given in Ta bles 2, 3, and 4. Data for the individual animals are shown in Fig.  1 . Of the brain regions examined, several showed a significant increase in the rate of glucose phos phorylation in association with tremors induced by cismethrin. The region with the most consistent and highest increase was the cerebellum. Some regions showed no change from the control rate. These in cluded the hippocampus, caudate putamen, and vi sual cortex.
Fasting overnight did not appear to have any ad ditional influence on the response to cismethrin. The variability in rates of phosphorylation observed in some brain regions (Fig. 1 ) appeared to be more closely related to the intensity of the tremors than 
Values are the means ± SEM, with the number of animals in parentheses.
In group 2, the mean arterial plasma glucose was 12.57 ± 0.63 mM, the mean total body haematocrit was 37.7 ± 0.9 (n = 4), and the mean large-vessel haematocrit was 42.0 ± 0.3 (n = 4).
"-C Significant difference from control (group I): " p < 0.05; b P < 0.01; 'p < 0.001 (Student's t test). 
Values are the means ± SEM, with the number of animals in parentheses. In group 3, the mean arterial plasma glucose was 4.94 ± 0.07 mM; the mean total body haematocrit was 37.3 ± 0.7 (n = 7); and the mean large-vessel haematocrit was 47.4 ± 0.5a (n = 7).
"-e Significant difference from control (group I): " p < 0.05; b P < 0.01; e p < 0.001 (Student's t test). to the nutritional status of the animals. However, tremor intensity was not measured quantitatively.
Rate of glucose influx
This parameter, which is the rate of unidirectional glucose influx from plasma to brain, was always measured simultaneously with the rate of glucose phosphorylation (net glucose influx) in a given re gion of brain.
In the control group of animals, there were sig nificant differences between regions in the rate of unidirectional glucose influx. The lowest rates were in hippocampus and caudate putamen, and the highest were in auditory cortex and inferior collic ulus.
In animals in group 2, the rate of glucose influx was increased significantly in 8 of 12 brain regions (Table 3 ). The highest percentage increase (168%) was in the cerebellum.
In animals in group 3, the only significant differa b ence from data for the control group 1 was the faster influx of glucose in cerebellum (Table 4) . Since the mean arterial plasma glucose concentration for an imals in group 3 was 4.94 ± .63 mM, compared with the control group 1 mean of 8.83 ± .63 mM, the relatively high rate of glucose influx in all the brain regions was surprising. The implication of these findings in relation to the extraction of glucose from plasma is considered below, in terms of the T max for transport across the BBB. The relationship between total unidirectional glu cose influx and net glucose influx (glucose phos phorylation rate) for all the regions of brain studied is shown in Fig. 2 . The correlation coefficients are also given. They were highly significant (p < 0.01) for each group of animals. It may be noted that in fasted rats with tremors induced with cismethrin (group 3), there was particularly tight coupling be tween the two rates (r = 0.952).
Brain glucose concentration
In control animals, the concentrations of glucose in the various brain regions were fairly similar (Table  2 ). In animals in group 2, there was a significant increase in some, but not all, the brain regions studied (Table 3) . When regions are ranked in the order of glucose content, the order changes from that in the control group 1. Cerebellum had the lowest amount in animals of group 2, whereas it had the highest in control animals.
In animals in group 3, which were fasted over night prior to induction of tremors, brain glucose was reduced significantly (Table 4 ). In the cere bellum, the glucose concentration was only 25% of the control value.
Cerebral blood flow
Rates of blood flow in the different regions for each of the three groups of animals are given in
Regional rates of total unidirec tional glucose influx and net glucose in flux (glucose phosphorylation) for all groups (a) and for groups 2 and 3 (b).
Values are the means given in Tables 2-4 for group 1 (controls), circles; group 2 (cismethrin-induced tremors), squares; and group 3 (fasted overnight and cis methrin-induced tremors), triangles. Correlation coefficients were, for group 1, r = 0.785 (p < 0.01); for group 2, r = 0.846 (p < 0.01); for group 3, r = 0.95 (p < 0.01); and for all data, r = 0.795 (p < 0.01). Ta bles 2-4 and Fig. 3 . In all regions, blood flow was increased significantly during cismethrin-induced tremors. It is notable that for each region of brain, in rats fasted overnight prior to the induction of tremors (group 3), the mean value for blood flow was higher than that in the non-fasted group (2).
The highest blood flows were in regions of cortex, where rates reached values over five times the con trol value. A similar increase occurred in cere bellum.
It is well established that in normal animals there is a close coupling between the rate of glucose phos phorylation and the rate of blood flow. The rela tionship between these two parameters in the present study is shown in Fig. 4 , together with the corre lation coefficient for each group of animals. There was the expected significant correlation in the con trol group 0), but in the other two groups the cor relation was below the level of significance (p > 0.05).
Estimates of T max for glucose transport across the BBB One of the objectives of the present study was to determine the kinetic properties of glucose trans port between blood and brain in different physio logical situations. The model and calculations used to describe the unidirectional glucose influx in terms of a transport constant T max are given in Methods (see Eq. 2). Also given is the calculation used to obtain estimates of the average concentration of glucose in plasma flowing through a given region of brain (c) (see Eqs. 3 and 4) . From the original data given in Ta bles 2-4, estimates of c and T max were calculated for each brain region of animals in the three experimental groups (Table 5) group of animals, the estimated values of c re mained almost constant between regions, even for animals in group 3, which were hypoglycaemic. In this group, rates of blood flow were sufficiently in creased to compensate for the low plasma glucose concentration and high rates of glucose utilization by the brain regions.
The estimated values for T max for all brain regions in animals with cismethrin-induced tremors were higher than the corresponding values in the control group of animals. In fasted animals with tremors, some regions, such as cerebellum, had particularly high values.
The relationship between T max and blood flow for each brain region in the three groups of animals was assessed (Fig. 5) . Although there was a tendency for T max to increase with higher blood flow, in each of the three groups the correlation coefficient was below the level of significance (p > 0.05).
Cerebral blood volume and haematocrit
Blood volume and brain tissue haematocrit for each brain region were determined. 51Cr-tagged red cells and 1 2 5I-Iabelled human serum albumin were used as markers for red cell volume and plasma volume, respectively. Results are given in Ta bles 2-4. A significant increase in blood volume in some, but not all, brain regions was observed in animals Q Based on data in Ta bles 2-4 and calculated as described in Results. Units for care mM; for Tmaxo j.Lmol g-I min-I.
with cismethrin-induced tremors. In none of the three groups was blood volume significantly corre lated with blood flow (Fig. 6) , and the correlation coefficient for the combined data was 0.272 (p > 0.05). Brain tissue haematocrit values were about 70% of the large vessel haematocrit in each group of an imals. The significantly higher brain tissue haema tocrit for animals in group 3 appeared to be due to the change in the large vessel haematocrit (Table 4) . Relative to the latter, each brain region haematocrit was slightly lower than corresponding values in the control animals.
There was no significant correlation between brain tissue haematocrit and tissue blood volume values.
However, in further consideration of relation ships between cerebral vasculature and glucose transport between blood and brain, two parameters were found to have a highly significant correlation. These were cerebral blood volume and T max for glu- cose transport (Fig. 7a,b) . This was of considerable interest when compared with the poor correlation, shown in Fig. 5 , between CBF and T max.
DISCUSSION
This study was not designed primarily to eluci date the mode of action of cismethrin on the central nervous system. Rather, this chemical was used as a tool to investigate properties of regional glucose transport between plasma and brain when glucose utilization was maintained at normal rates in some regions and at increased rates in others. Since these regionally selective metabolic rates were sustained when arterial plasma glucose concentrations were lowered, this allowed further exploration of cere bral vascular changes in relation to glucose trans port.
All animals given cismethrin displayed a contin uous, strong tremor, visible throughout the body. Within the brain, the regional increases in the rate of glucose utilization, for which data are given in Tables 2-4 , were confirmed by the [14C]2-deoxyglu cose autoradiographic technique of Sokoloff et ai. (1977) . The cerebellum showed the greatest in crease, with all hemispheres apparently affected equally. This widespread stimulation in the cere bellum differed from the more discrete localization in swimming rats (Sharp, 1976) . In the brains of rats with cismethrin-induced tremors, many of the re gions showing an increased rate of glucose utiliza tion coincided with those stimulated during tremors induced with oxotremorine (Dow-Edwards et aI., 1981) . Notable exceptions, however, were the striatum and substantia nigra, neither of which were stimulated by cismethrin. Tr emors induced by oxo tremorine may have a cholinergic origin and can be prevented by scopolamine (Dow-Edwards et aI., 1981) . Cismethrin-induced tremors are not blocked by scopolamine (Cremer and Seville, 1982 CBF increased significantly in all brain regions studied in animals with cismethrin-induced tremors (Tables 3 and 4 ; data for eight other regions not shown). The reason for this universal increase is not known. Mean arterial blood pressure is not in creased by cismethrin (Table 1) (Ray, 1982) . Arterial P0 2 was maintained at normal or above normal levels (Table 1) (Cremer et aI., 1981) . Other studies have shown an increase in blood lactate and stimulation of the sympathoadrenal medullary system, with plasma noradrenaline increasing more than adren aline (Cremer and Seville, 1982) . Both catechol amines and lactate have been implicated in the reg ulation of CBF, although their roles are uncertain (McCulloch and Harper, 1977; Norberg et aI., 1978; Edvinsson et aI., 1979; Mchedlishvili, 1980; Siesj6 et aI., 1980) . Since, in animals with cismethrin-induced tremors, increase in blood flow occurred in all re gions, whereas an increase in glucose utilization oc curred only in some regions (Tables 3 and 4) , it fol lows that there was a disruption of the tight cou pling between these two parameters observed in other situations (Kuschinsky et aI., 1981) . This is apparent in Fig. 4 and from the correlation coeffi cients given in the legend. The pattern of the re gional dissociation between metabolism and blood flow resembles that elicited by electrical stimulation of the fastigial nucleus of the cerebellum (Nakai et aI., 1983) . In particular, auditory and frontal cortex have excessively high rates of flow.
Two parameters measured simultaneously throughout this study were the rate of unidirectional glucose influx and the rate of glucose phosphory lation in a given brain region. These are defined as Rl and R3, respectively, in the model of Cun ningham and . In the control group 0), for most brain regions the rate of unidirectional glucose influx was almost twice the rate of net glu-cose influx. This relationship has been shown pre viously (Pratt 1976; Cremer et aI., 1981) . In rats in group 2 with cismethrin-induced tremors, the ratios between these two parameters in the different brain regions were similar to those in control animals. In most regions, both parameters had increased (Ta bles 3 and 4 and Fig. 2a) . In rats fasted overnight prior to the induction of tremors (group 3), there was still a high correlation (r = 0.962) between these two parameters (Fig. 2b) , but the ratios were lower than those in the other two groups of animals. The rates of glucose phosphorylation (R3) in brain re gions of fasted trembling rats were the same as in non-fasted group 2. In both groups, rates for most brain regions were significantly higher than those in control animals. The difference in the ratios of R)/R3 between the fed and fasted trembling animals was due to the slightly lower rates of unidirectional glucose influx in the fasted group. Even in this group, the rates were never less than those in control an imals, and in cerebellum the rate was 163% higher (Table 4) . Plasma glucose concentrations in control and fasted trembling rats were, however, signifi cantly different (8.83 and 4.94 mM, respectively). Therefore, the rates of glucose influx in fasted an imals are almost twice as high as would be antici pated from the arterial plasma glucose concentra tion. This discrepancy will be considered in more detail.
The simplest model to describe the unidirectional transport of glucose across the BBB has been dis cussed in Methods (see Eq. 2). The major compo nent is a saturable carrier process, whereas the non saturable process normally makes a contribution of 10% or less at plasma glucose concentrations below 10 mM. An increased rate of transport at a given concentration of glucose can be interpreted in terms of the constants T max, Kt, and Kd of Eq. 2. There is the possibility of a change in one, two, or all three. In the present study, we have elected to assume that the only change was in T max' (This assumption was the most conservative, but does not exclude the possibility of changes in Kt and Kd. Changes in the latter are not considered in the present study.) Given this assumption, it then follows that in all the re gions examined in fasted trembling animals there was an increase in T max' The extent of the increase varied between brain regions, and was greatest in cerebellum (Table 5) .
Values for T max in control animals ranged from 2.39 fJ.. mol g-I min -I for hippocampus to 4.22 fJ.. mol g -1 min -I for inferior colliculus (Table 5 ). The av erage value for the four cortical regions was 3.84 fJ.. mol g-I min -I, which was very close to the value of 4.09 fJ.. mol g-I min-1 found by Gjedde and Ras-J Cereb Blood Flow Metabol, Vol, 3, No, 3, 1983 mussen (1980) for the parietal cortex of conscious rats. In fasted, trembling animals, estimated values for Tmax of over 7.0 fJ.. mol g-I min-I were found for inferior colliculus and cerebellum. Values for the cortical regions were not so high (Table 5) .
The apparent increases in T max for glucose trans port in the brains of trembling rats confirm our pre liminary observations (Cremer et aI., 1981) , and are in accordance with the suggestion that a greater sur face area of capillary endothelium containing glu cose carriers becomes available, probably by re cruitment of previously unperfused capillaries (Lund-Andersen, 1979; Gjedde and Rasmussen, 1980; Cremer et aI., 1981; Phelps et aI., 1981) . The relationship between blood flow and the T max for glucose transport is therefore of interest. A plot of the average values for each brain region of animals in the three groups is given in Fig. 5 . Although it can be seen that in rats with cismethrin-induced tremors both blood flow and T max increased, neither in the separate animal groups nor when all data were combined was there a significant correlation be tween these two parameters. However, when blood volume of a brain region was plotted against its T max, a strong correlation between these two parameters was found (Fig. 7) . This was so for both the com bined data and the separate animal groups. From this relationship it may be suggested that blood volume is an indicator of the surface area across which mediated glucose transport can occur, namely the capillary bed.
In all brain regions of animals in which the ca pacity of glucose transport had increased, the rate of blood flow had also increased significantly. Two components of an increased blood flow can con tribute to an increased rate of unidirectional glucose influx in a given brain region. One relates to the perfusion of a larger capillary bed. The other relates to the maintenance of glucose in the plasma of the perfused capillaries at a concentration close to that in arterial plasma. The latter is a consequence of increased linear velocity and is particularly impor tant in hypoglycaemic situations. Regional blood flow as well as blood volume showed some adjust ment to arterial plasma glucose concentrations, as may be seen in a comparison between the fed and fasted groups of animals with cismethrin-induced tremors (Tables 3 and 4 ). The limits of hypogly caemia that can be sustained were not investigated, but others have shown them to be above 1-2 mM plasma glucose (Norberg and Siesjo, 1976; Blennow et aI., 1979; Abduhl-Rahman et aI., 1980; Abduhl Rahman and Siesjo, 1980; Ghajar et aI., 1982) . In none of the animals used in the present study did plasma glucose fall below 1.5 mM.
The changes in rCBF observed in this study were consistent with the saturable recruitment model of Phelps et al. (1981) , in which increases in CBF are accompanied by a finite increase in the number of capillaries perfused. Estimates of the quantitative relationship between capillary recruitment and CBF could not be made because of limited information for any one region and the variability in response between regions. However, from further examina tion of the regional differences it is possible to sug gest that the relationship between blood flow and capillary recruitment is governed by at least two factors. One is the metabolic demand (i.e., the rate of glucose metabolism) and the other is the avail ability of plasma glucose to meet this demand. When there is increased metabolic demand in a brain re gion of an animal with a low concentration of ar terial plasma glucose, the increased regional blood flow is linked both to recruitment of capillaries and to a higher linear velocity. This may be deduced from the differences in values for blood flow, tissue blood volume, and T max for glucose transport be tween fed and fasted trembling animals, noting that the regional rates of glucose metabolism did not change (Tables 2-5 ). It has already been argued that the increases observed in tissue blood volume may be interpreted as evidence of capillary recruitment with an increased surface area for glucose trans port. Although the relationship is unlikely to be a simple one, changes in tissue blood volume may provide a useful index of changes in the number of capillaries perfused.
